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It is assumed that children’s performance in mathematical abilities is inﬂuenced by several
factors such as working memory (WM), verbal ability, intelligence, and socioeconomic
status. The present study explored the contribution of those factors to mathematical
performance taking a componential view of both WM and mathematics. We explored
the existing relationship between different WM components (verbal and spatial) with
tasks that make differential recruitment of the central executive, and simple and complex
mathematical skills in a sample of 102 children in grades 4–6. The main ﬁndings point
to a relationship between the verbal WM component and complex word arithmetic
problems, whereas language and non-verbal intelligence were associated with knowledge
of quantitative concepts and arithmetic ability. The spatialWM component was associated
with the subtest Series, whereas the verbal component was with the subtest Concepts.
The results also suggest a positive relationship between parental educational level and
children’s performance on Quantitative Concepts. These ﬁndings suggest that speciﬁc
cognitive skills might be trained in order to improve different aspects of mathematical
ability.
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INTRODUCTION
Mathematics is one of the essential tools of everyday life. A clear
relationship has been established between poor mathematical per-
formance and lower occupational status, higher unemployment
rates, and reduced chance of promotion (Geary, 2011). The acqui-
sition of mathematical abilities is not only one of the foundation
stones of the schooling process, but it also affects society in general
(Gross et al., 2009). Therefore, understanding the factors that have
a decisive inﬂuence on children’s performance in mathematics, as
well as efﬁcient ways of amelioration of such deﬁcits is of major
relevance from an educational, clinical, and social approach.
A COMPONENTIAL APPROACH TO WORKING MEMORY AND
MATHEMATICAL ABILITY
One way of undertaking such aim is to investigate the cognitive
skills that better predict children’s performance in mathematical
tests, mathematical attainment at school or both. Many studies
claim that mathematical abilities are mainly related to working
memory (WM; e.g., Geary, 1993; Alloway et al., 2005; Passol-
unghi and Pazzaglia, 2005; Passolunghi et al., 2007; Passolunghi
and Cornoldi, 2008; Holmes et al., 2009; Alloway and Alloway,
2010; Swanson, 2011), and training in WM skills seems to have
beneﬁcial effects on some mathematical abilities (see Klingberg,
2010 for a review). However, both WM and mathematical ability
are not unitary entities.
Working memory has several components with different func-
tional roles. For instance, in the WM model of Baddeley (1986,
2000) a central executive system would control for how informa-
tion from different stores is manipulated and integrated according
to task demands. Regarding the stores, the phonological loopholds
material in a phonological code, and the visual–spatial sketchpad,
or according to Logie (1995) the visual–spatial WM, both holds
and manipulates visual and spatial information. Regarding this
latter component of WM, there is evidence from neuropsychology
that patients might show a selective deﬁcit in the visual compo-
nent (e.g., Carlesimo et al., 2001) or in the spatial component
(Hanley et al., 1991; Luzzatti et al., 1998). Interestingly, it seems
that it is the spatial rather than the visual component that bet-
ter predicts mathematical performance (see Mix and Cheng, 2012,
for a review). For instance, Passolunghi and Mammarella (2010)
showed that children with low scores in problem-solving tasks
showed poor performance in the spatial WM tasks but not in the
visual ones. However, in a similar study with children with mathe-
matics learning disabilities, the authors showed that these children
performed poorly only in the spatial tasks with high attentional
demands (Passolunghi and Mammarella, 2012), that is, in tasks
that tap the executive control system more than in tasks that only
require passive recall of information. The above results ﬁt better
with the idea of WM as a continuum of components that require
to both modify and integrate information (Cornoldi and Vecchi,
2003).
Mathematical ability should also be considered as a compo-
nential entity. Main evidence comes from neuropsychological
(Dehaene et al., 1999; Delazer, 2003; Castelli et al., 2006; Demeyere
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et al., 2012) and functional brain imaging (Zamarian et al., 2009)
studies, showing that different mathematical deﬁcits and brain
networks are involved in different components of numeric pro-
cessing. Of special relevance to the mathematics componential
issue are intervention studies in educational settings (see Cohen
Kadosh et al., 2013 for a review). For instance, Dowker and her
colleagues (Dowker, 2001; Dowker and Sigley, 2010; Holmes
and Dowker, 2013) have recently developed targeted interven-
tions for children with difﬁculties in mathematics. Part of their
intervention success might come from the fact that mathemat-
ics is seen as involving independent and separately developing
skills and processes. Children are individually assessed on the
different components and the intervention is tailored accord-
ing to the child’s performance in those components. What these
studies reveal is that the mathematics abilities are not organized
hierarchically, and some children might perform well at suppos-
edly more difﬁcult tasks and worse at supposedly easier tasks
(Dowker, 2005). Nonetheless, although independently developed,
some components may form the basis for better learning other
speciﬁc components, something that is reﬂected on how the mul-
tiple mathematics abilities are taught and learned. For instance,
Andersson (2008) points out that basic mathematical skills such
as counting are the indispensable basis for a later acquisition of
basic arithmetic tasks, and more complex tasks such as multi-digit
calculation and word problem solving would be facilitated by the
mastery of basicmathematic skills and the conceptual understand-
ing of the principles of calculus. The choice of the mathematics
tasks for the present study was done on the basis of the above
principles.
DIFFERENT COMPONENTS OF WM AND MATHEMATICAL
ABILITY
On the basis of the aforementioned studies, it is clear that an
appropriate approach to understanding what factors contribute to
performance in mathematics, should examine the speciﬁc effects
of both verbal and spatial WM on children’s mathematical ability
(for a review see Berch, 2008). Regarding the verbal component
of WM, there is not conclusive evidence for a relationship with
mathematics performance. For instance,McLeanandHitch (1999)
showed that children with poor arithmetic abilities had impaired
spatial WM and aspects of executive processing, while their ver-
bal WM proved to be unaffected. Some studies have shown that
the phonological dimension of language is not involved in mathe-
matical performance (Passolunghi et al., 2007), while other studies
suggest an important relationship between them (Koponen et al.,
2007; Simmons et al., 2008). For instance, De Smedt et al. (2010)
in a sample of children 9- to 11-years old showed that phono-
logical awareness is related to mathematical problems that require
retrieval from long-term memory such as small additions, sub-
tractions, and multiplications, but it is not related to mathematical
problems that require procedural strategies such as large additions
and subtractions. However, that study did not control for WM
function.
Regarding the relation between the spatial component of WM
and mathematical performance ﬁndings are inconclusive. On the
one hand, several studies have shown a clear relation between spa-
tial WM and different mathematics abilities in an ample range
of participants, including typically developing children, special
populations, high school students, and adults (for a review, see
Mix and Cheng, 2012). On the other hand, null results have
also been reported. Bull et al. (1999) did not ﬁnd differences in
spatial WM between 7-year-old children scoring high and low
in mathematical ability. Alloway and Passolunghi (2011) evalu-
ated the performance of 7- to 8-year-old children in tasks such as
quantitative discrimination, numeric ranking, numeric produc-
tion, number operation, and arithmetic and their ﬁndings suggest
that spatial WM does not make any contribution to these math-
ematical tasks. Finally, in a longitudinal study, Swanson (2011)
examined which grade 1 cognitive abilities make unique contribu-
tions to problem-solving accuracy in grade 3 and found that, with
control for other cognitive abilities, only the central executive and
verbal WM signiﬁcantly predicted grade 3 word problem-solving
accuracy.
In a review article, Geary (2011) established that the relevance
of the verbal and the spatial components of WM vary depending
on the content of the mathematical ability that is being evalu-
ated. Processes such as counting and solving mathematical word
problems, which involve the articulation of numbers, are sup-
ported by the verbal component of WM. By contrast, processes
involved in the number line and translating word problems into
mathematical equations seem to be supported by the spatial com-
ponent. Furthermore, it seems that both the executive and spatial
aspects of WM are relevant in the acquisition and application
of new concepts and skills, whereas the verbal component is
more relevant once the skill has been acquired (Raghubar et al.,
2010).
All the above results highlight the relevance of examining the
relationship between different aspects of WM and different areas
of mathematics rather than general mathematical ability or a
particular mathematical ability.
CONTRIBUTION OF OTHER FACTORS TO MATHEMATICAL
ABILITIES
Recent studies suggest that the role of WM might be captured
by other academic or cognitive factors. For instance, Lee et al.
(2004) in a study with children in the ﬁfth grade, found that
those with a higher IQ and better reading and vocabulary abilities
showed better mathematical performance when solving problems
(see also Grimm, 2008). WM did not explain much variance in
problem-solving accuracy when such factors were entered into
the regression analyses (but see Swanson, 2011). Krajewski and
Schneider (2009) assessed a sample of children from their last
year in kindergarten until the beginning of grade 3. Their results
suggested that the relationship between spatial WM and mathe-
matical performance is not direct; rather, spatial WM inﬂuences
school achievement through higher-order domain-speciﬁc pre-
cursor variables such as the understanding of the link between
quantity and number word. The previously mentioned study by
Alloway and Passolunghi (2011) with 7- and 8-year-old children
showed that vocabulary predicts performance acrossmathematical
tasks (quantity discrimination, number ranking, number opera-
tions, and arithmetic) regardless of age. In spite of the wide variety
of studies measuring verbal ability, WM, and mathematics, the
Alloway and Passolunghi’s (2011) studywas, to our knowledge, the
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only research that examined the relationship between the differ-
ent components of WM, different mathematical areas, and verbal
ability.
Intelligence seems also to play a role in the contribution of WM
to mathematical performance. Although WM seems to be a better
predictor of mathematical accuracy, compared to intelligence (see
Swanson, 2011), IQ has been found to account for a proportion of
unique variance in mathematical performance (e.g., Swanson and
Beebe-Frankenberger, 2004; Alloway and Alloway, 2010). How-
ever, the relationship between IQ and mathematical performance
has not always been supported in the existing literature (Alloway,
2009). Moreover, the relation between WM, IQ, and mathemat-
ical ability might be further contaminated by the fact that WM
tasks are often included in intelligence tests such as the digit-span
task.
As Gifford and Rockliffe (2012) point out, there are many
factors that might contribute to children experiencing difﬁcul-
ties in mathematics. So far we have highlighted the relevance
of cognitive factors such as WM, but there is no doubt that
other cognitive abilities, mainly involving language, may also
play an important role in children’s difﬁculties with mathemat-
ics. Finally, environmental factors have also been shown to play
a relevant role in children’s performance at school (e.g., Lev-
els et al., 2008). Several studies have found a relation between
family socioeconomic status (SES) and academic achievement
in general (e.g., Aunio and Niemivirta, 2010), and mathemat-
ical performance in particular (e.g., Jordan and Levine, 2009).
The more educated families are more likely to create richer
intellectual environments increasing children’s opportunities for
learning.
THE PRESENT STUDY
In the present study we aimed to examine the relationship between
the verbal and the spatial components of WM and different areas
of mathematical abilities in a typically developing sample of chil-
dren aged 9–13 years. We chose the particular age range mainly
because of two reasons. First, because it seems that both spatial
and verbal WM are less differentiated in children younger than
8 years (Hale et al., 1997). Second, it is around this age that chil-
dren start to engage in phonological rehearsal (Gathercole et al.,
1994; Gathercole, 1998; Tam et al., 2010; Gaillard et al., 2011).
Also, there is an increase in the verbal abilities of children from
age 7 that allows them to make a wider use of verbal information
(Hitch et al., 1988). This in turn reﬂects on an increasing abil-
ity to solve mathematical problems with long and complex verbal
instructions.
An important characteristic of the present research is that we
adopted a componential approach to assess the contribution of
different components of WM on several areas of mathematics.
For the spatial component of WM we used computerized ver-
sions of both the forward and backward condition of the Corsi
blocks task. For the verbal component of WM we used both the
forward and the backward digit-span test (WISC-IV; Wechsler,
2004). We assume that whereas the forward versions of both tasks
require both storage and recovery information from WM with
minimal demands on the central executive, the backward versions
require greater demands of attentional control and therefore a
higher involvement of the central executive (Cornoldi and Vecchi,
2003; Passolunghi and Mammarella, 2010). To assess children’s
competence in mathematics, we selected three tests that reﬂect
several levels of mathematical abilities. Two tests, Fluency and
Quantitative Concepts, were selected from the Spanish version of
Woodcock Johnson III Tests of Achievement (Muñoz-Sandoval
et al., 2005), and the third test was Arithmetic from the WISC-IV
(Wechsler, 2004). On the basis of previous ﬁndings we advanced
the following hypotheses.
Regarding the verbal component of WM we expected it to
be related to the mathematical abilities that rely on memory
retrieval facts (e.g., Raghubar et al., 2010; Geary, 2011). It is
assumed that exact arithmetic retrieval is a language-based skill
(Dehaene et al., 1999), and therefore the verbal component of WM
should show unique variance contribution to children’s perfor-
mance on very simple arithmetic operations. Here we measured
such mathematical ability through the Fluency test.
Whereas the forward digit span test requires minimal process-
ing load, recalling digits in backwardorder increases the processing
load and makes higher demands on the central executive, and
therefore it is a bettermeasure ofWM(Isaacs andVargha-Khadem,
1989; Alloway and Alloway, 2010 see also Vandierendonck et al.,
2004). Thus, we expect the verbal component of WM, as indexed
by the backward version of the digit span test, to contribute with
unique variance to word problem solving, as the central execu-
tive has been related to that mathematical ability (Swanson, 2011).
Word problem solving was assessed here through the Arithmetic
test.
Mathematical competence requires knowledge of mathematical
vocabulary, symbols, formulas, and transcoding from a sym-
bolic form to a verbal form. Higher abilities to maintain and
manipulate such verbal knowledge in WM should relate to bet-
ter performance in an ample range of mathematical problems. We
measured children’s knowledge aboutmathematical concepts with
the Quantitative Concepts test, mainly the subtest Concepts.
Other mathematical problems require spatial representation of
partial operations, as when children are asked to solve numerical
sequences. In numeric sequence problems a transformation of the
numeric sequence into amathematical formula is required to solve
the task. Those operations might require a higher involvement
of the central executive to use and maintain spatial information
in WM, and therefore we expect a strong inﬂuence of that WM
component on such mathematical problems. We measured such
children’s ability through the subtest Series of the Quantitative
Concepts test.
With regard to the effects of intelligence on math performance,
due to its relation to the central executive, we expect it to con-
tribute with unique variance on those mathematical tasks that
make greater demands on the central executive. Given that we
used only a non-verbal intelligence test we expect intelligence
to share some processing operations with the spatial WM tasks,
but not with the verbal WM ones, and therefore to have some
inﬂuence in the relation between spatial WM and mathematical
abilities. Regarding language, on the basis of previous ﬁndings
(e.g., Alloway and Passolunghi, 2011), we expected language to
only signiﬁcantly predict high-level mathematical problems that
require a high level of language comprehension.
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MATERIALS AND METHODS
PARTICIPANTS AND PROCEDURE
One hundred two typically developing children (46 boys) attend-
ing primary school in grades 4–6 (mean age = 10 years,
SD = 11 months) took part in the study. This sample was part
of a larger sample included in a study that aimed at validating
the math tests of the Spanish version of Woodcock Johnson III
Tests of Achievement (Muñoz-Sandoval et al., 2005), for its use
in Spain (see Table 1 for a detailed description of the sample by
gender and school grade). The original sample consisted of 424
children (216 boys) who attended primary school and were in
grades 1–6 (mean age = 9 years, SD = 2 months) from eight dif-
ferent schools in the region of Murcia, in southeastern Spain (for
a detailed description of the original sample, see Diamantopoulou
et al., 2012). The original sample was assessed with a battery of
intelligence and math tests in spring semester (Time 1). Children
attending grades 4–6 in the same schools were assessed with a
battery of cognitive and math tests in the fall semester (Time 2).
This study is based on data from Time 1 and Time 2. Written
informed consent was obtained from the parents, and the par-
ticipants gave oral consent before the testing sessions. Informed
consent documentation was sent to 205 parents whose children
were in grades 4, 5, and 6 and who had completed Time 1 previ-
ously. We obtained 157 responses after two reminders. Of those,
we collected 102 questionnaires from parents; thus, the data anal-
yses were conducted on those children’s scores from which we had
the complete testing.
We obtained approval from the bioethics committee of theUni-
versity of Murcia (Spain). Trained assistants administered tests
individually in a counterbalanced sequence to avoid systematic
variations arising from the order of administration. We used ran-
dom ordering protocols with a table of random digits for each
child to achieve counterbalance.
MEASURES
Mathematic abilities
At Time 2, we assessed children’s math ability with the math Flu-
ency and Quantitative Concepts tests of the Spanish version of
the WJ-III ACH battery, which was primarily validated for its use
with participants from6 to 13 years in Spain (seeDiamantopoulou
et al., 2012), and with the Arithmetic test of the Spanish version
of the WISC-IV (WISC-IV; Wechsler, 2004). For all tests we used
summed scores to assess performance with ascending numbers
indicating better performance.
Table 1 | Descriptive data.
Grade n (boys) Age (months)
M SD Range
4 36 (16) 113.1 3.7 106–123
5 27 (12) 125 5.1 118–139
6 39 (18) 136.7 4.5 130–150
Total 102 (46) 125.3 11.1 106–150
Fluency. This test measures the ability to solve simple one-digit
operations such as addition, subtraction, and multiplication facts.
The test consists of a series of 160 simple arithmetic problems in
a participant response booklet and the child is asked to complete
as many as possible in a 3-min time limit. The dependent variable
was the total correct responses obtained within the time limit.
Quantitative concepts. This test measures knowledge of math-
ematical concepts, symbols, and vocabulary. It consists of two
subtests, Concepts and Series. In the subtest Concepts, participants
are asked to count or identify numbers, shapes (e.g., the multipli-
cation and division symbols), and sequences (e.g., what number
comes after 37?), and to know mathematical formulas and terms
(e.g., round a number to the closest hundred). It consists of 34
items of increasing difﬁculty, which are read to the child. In the
subtest Series, participants are asked to look at a series of num-
bers, ﬁgure out the pattern and provide the missing number in
the series (e.g., the series 4 7 10 _). This test consists of 23 prob-
lems of ascending difﬁculty. The dependent variables of the two
subtests were the summed scores of correct responses with ascend-
ing numbers indicating better performance. Internal consistency
of the measure Quantitative Concepts in the large original sample
was excellent, with α= 0.92 from 6 to 13 years.
Arithmetic. We also assessed arithmetic ability at Time 2 with the
arithmetic ability subtest of the Spanish version of the Weschler
intelligence test for children (WISC-IV; Wechsler, 2004). For this
test, the child was asked to solve a maximum of 34 arithmetic
problems of ascending difﬁculty, presented orally within a limited
time. Childrenwere asked to infer themathematical operation that
each problem requires (e.g., addition, subtraction, multiplication,
or division), or more complex operations such as rules of third.
We used the summed scores of the test as the dependent variable.
Ascending scores indicate better performance. The Spanish ver-
sion of this test has an excellent internal consistency, with alphas
ranging from α= 0.88 to α= 0.81 for ages 9–13 years.
Non-verbal intelligence
We assessed non-verbal Intelligence with the Spanish version of
the Matrices subtest of the Kaufman brief intelligence test (Kauf-
man and Kaufman, 1990) in Time 1. In this subtest children are
presented a series of abstract and ﬁgurative visual stimuli and
they need to select the appropriated response from a multiple-
choice selection. This subtest has been related to ﬂuid intelligence.
Internal consistency for the Spanish version of this test ranges
from α = 0.87 to α = 0.83, for ages 9–13 years (Kaufman and
Kaufman, 1990). We used the summed scores of the test as a mea-
sure of non-verbal intelligence. Ascending scores indicate better
performance.
Working memory
At Time 2 we assessed spatial WM with a computerized version of
the Corsi blocks task (Kessels et al., 2000, 2008), and verbal WM
with the digit span task of the WISC-IV (Wechsler, 2004).
Spatial WM. In the computerized version of the Corsi blocks task
we used to test spatial WM, stimuli were presented on a 15 ′′
color monitor of an IBM laptop with Windows XP Professional at
1024 × 768 pixels resolution. The distance of the participant to the
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screenwas 60 cm. A set of nine identical 30× 30mmwhite squares
were presented irregularly positioned on a black background with
a white frame. The distance between squares on the screen was
1.28 relative standard positions. All participants completed four
practice trials before the testing trials. Practice trials provided a
smiley face as feedback if the answer was right and a sad face if it
was wrong, shown for 300 ms; this feedback was not included in
testing trials. Next, the testing session started. In a standard test-
ing trial, the nine white squares appeared on the black background
with a white frame. After 1 s, the squares were individually high-
lighted in sequence by changing the color to red for 1 s, without
any inter-square time. When the sequence ﬁnished, immediately
the nine white squares appeared on the black background with
a red frame. At this point, the participants were asked to repro-
duce the sequence of the highlighted squares in the order in which
they had seen them (forward) or in the reverse order (backward)
by clicking on the squares with the computer mouse. Each time
a square was clicked, it turned red for 200 ms to conﬁrm that
the participant had clicked. After an inter-trial interval of 1 s, the
next trial started. Testing stopped when the participants made two
consecutive mistakes.
All the participants completed ﬁrst the forward and then the
backward condition. The sequences of forward trials are reported
in Kessels et al. (2000), and the sequences of backward trials are
derived from Kessels et al. (2008). The length of the number of
highlighted squares that children were asked to remember for
each trial was between 2 and 9 in the forward condition and
between 2 and 8 in the backward condition. There were two trials
for each length (two trials with two highlighted blocks, two tri-
als with three highlighted blocks, and so on). The test consisted
of a maximum of 18 experimental trials in the forward condi-
tion and a maximum of 16 experimental trials in the backward
condition. We used the summed scores of the test as a mea-
sure of children’s spatial WM. Ascending scores indicates better
performance.
Verbal WM. We administered both the forward and the backward
digit-span tests of the Spanish version of the Wechsler intelligence
test for children (WISC-IV; Wechsler, 2004) at Time 2. The par-
ticipants were asked to recall a sequence of spoken digits in either
the same (forward condition) or the reverse (backward condition)
order. All the participants completed ﬁrst the forward and then
the backward condition. The internal consistency of the Spanish
version of these tests proved to be excellent, with alphas ranging
from α= 0.73 to α= 0.77 (forward test) and α= 0.77 to α= 0.78
(backward test), for 9- to 13-year-old children. A maximum of
12 points could be obtained in both the forward and the back-
ward conditions. We used the summed scores of each condition
as a measure of children’s verbal WM. Ascending scores indicates
better performance.
Language
Weassessed language ability with the Spanish version of the riddles
subtest of the Kaufman assessment battery for children (Kauf-
man and Kaufman, 1990) at Time 2. This subtest evaluates the
ability of participants to infer the name of abstract or concrete
verbal concepts from several given characteristics. It consists of
32 items of ascending difﬁculty that are read to the child. The
internal consistency of the Spanish version of this test was excel-
lent with values of α = 0.84 to α = 0.86 for 9- to 12.5-year-old
children. We used the summed scores of the test as a measure
of children’s language ability. Ascending scores indicate better
performance.
Socioeconomic status
Parents completed a questionnaire pertaining to demographic
characteristics at Time 1. Parents were asked about family income,
educational level, and employment status within a larger question-
naire. Given the drastic economic changes in Spain that occurred
during the collection of data, family income, or employment sta-
tus were likely to bias the true socioeconomic level of the family,
so we discarded this variable and focused only on the educational
level of the parents. Parents chose among several answers given in
the questionnaire sheet, ranging from (1) primary education to
university/college degree (9). We classiﬁed the answers depending
on the level of education.
STATISTICAL ANALYSES
In the preliminary analyses, we ﬁrst assessed potential selective
attrition effects by conducting a one-way ANOVA comparing
the children that completed all testing with those who did
not or who did not participate at Time 2 in parental edu-
cation, non-verbal intelligence, gender (coded as 1 = boys,
2 = girls), and school grade. We then assessed the effects of
both gender and grade on all dependent variables by use of
two-way ANOVAs. We computed Pearson correlation coefﬁcients
between the independent and dependent variables to examine
their relations.
In the main analyses, hierarchical regression analyses were
conducted to examine the independent effects of non-verbal
intelligence, WM, and language on mathematical abilities. All
regression analyses included school grade, gender, and parental
education as control variables. All predictors were centered prior
to analyses to avoid issues of multicollinearity (Aiken and West,
1991). The dependent variables were children’ scores in the
tests ﬂuency, quantitative concepts (concepts and series) and
arithmetic.
RESULTS
PRELIMINARY ANALYSES
Results of the one-way ANOVA we performed to assess potential
selective attrition revealed signiﬁcant effects of parental educa-
tion [F(2,163) = 5.88, p = 0.003] and non-verbal intelligence
[F(2,200) = 4.93, p = 0.008]. Post hoc analyses (Tukey’s) revealed
that the parents of children who had completed all testing had a
lower educational level than parents of children who did not par-
ticipate in Time 2 (p = 0.008). The effect size for this difference
was medium (d = 0.59). Also, we found that children who had
completed all the tasks had a lower non-verbal intelligence than
children who did not participate in Time 2 (p = 0.008). The effect
size of this differencewasmedium (d =0.53). No signiﬁcant effects
were found for grade or gender.
Mean values for all measures organized by school grade and
gender are depicted in Table 2. We performed two-way ANOVAs
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Table 2 | Mean total scores by grade and gender for all measures.
Grade Parental
education
Non-verbal IQ Corsi task
forward
Corsi task
backward
Digit span
forward
Digit span
backward
Language
M (SD) M (SD) M (SD) M (SD) M (SD) M (SD) M (SD)
4 All 4.75 (2.71) 24.94 (4.78) 7.03 (1.23) 6.86 (2.19) 6.86 (1.12) 5.97 (1.23) 17.81 (2.36)
Boys 4.09 (2.27) 23.5 (4.55) 6.5 (1.26) 5.31 (1.78) 6.88 (1.09) 5.5 (0.96) 16.88 (2.5)
Girls 5.27 (2.97) 26.1 (4.76) 7.45 (1.05) 8.1 (1.65) 6.85 (1.18) 6.35 (1.31) 18.55 (2.01)
5 All 4.35 (2.47) 26.59 (4.74) 7.59 (1.45) 6.96 (2.12) 7.96 (1.67) 6.52 (0.97) 19.67 (3.32)
Boys 4.79 (2.33) 26.42 (4.98) 7.92 (1.5) 7.42 (1.88) 7.42 (1.62) 6.33 (0.98) 20.75 (3.47)
Girls 4 (2.6) 26.73 (4.71) 7.33 (1.4) 6.60 (2.29) 8.4 (1.64) 6.67 (0.98) 18.80 (3.03)
6 All 3.88 (2.52) 27.97 (4.98) 7.77 (1.4) 7.95 (1.7) 8.05 (1.39) 6.51 (1.83) 21.26 (3.68)
Boys 4.19 (2.61) 27 (5.03) 7.83 (1.2) 8.17 (2) 7.89 (1.6) 6.11 (1.23) 21.61 (3.77)
Girls 3.62 (2.47) 28.81 (4.9) 7.71 (1.59) 7.76 (1.41) 8.19 (1.21) 6.86 (2.2) 20.95 (3.65)
Grade Fluency Quantitative
concepts
Series Concepts Arithmetic
M (SD) M (SD) M (SD) M (SD) M (SD)
4 All 58.57 (15.86) 33.61 (3.16) 13.5 (1.83) 20.05 (2.08) 19.08 (2.85)
Boys 59.94 (19.74) 32.88 (3.72) 12.94 (2.29) 19.94 (2.01) 19 (2.99)
Girls 57.45 (12.36) 34.2 (2.59) 13.95 (1.23) 20.15 (2.18) 19.15 (2.82)
5 All 70.41 (15.65) 35.7 (4.06) 14.07 (1.49) 21.63 (3.09) 20.52 (3.04)
Boys 76.08 (18.44) 37.08 (5.02) 14.92 (1.5) 22.17 (3.99) 22 (2.73)
Girls 65.87 (11.75) 34.6 (2.82) 13.4 (1.12) 21.2 (2.18) 19.33 (2.82)
6 All 75.05 (21.11) 36.41 (3.64) 14.18 (2.33) 22.23 (1.81) 21.46 (3.23)
Boys 77.17 (17.63) 36.89 (4.51) 14.61 (2.77) 22.28 (2.24) 21.83 (2.57)
Girls 73.24 (23.98) 36 (2.74) 13.81 (1.86) 22.19 (1.4) 21.14 (3.74)
with grade (fourth, ﬁfth, and sixth), and gender (boys and
girls) as between-participants factors, for each key variable. The
results showed signiﬁcant main effects of grade on the math-
ematic tests Fluency [F(2,96) = 8.18, p < 0.001], Quantitative
Concepts [F(2,96) = 6.65, p = 0.002], Concepts [F(2,96) = 8.69,
p < 0.001], and Arithmetic ability [F(2,96) = 6.07, p = 0.003]. We
also obtained signiﬁcant main effects for non-verbal intelligence
[F(2,96) = 3.85, p = 0.02], the forward condition of the Corsi
blocks task [F(2,96) = 3.6, p = 0.031], the backward condition
of the Corsi blocks task [F(2,96) = 4.77, p = 0.011], the forward
condition of the digit-span task ([F(2,96) = 7.66, p < 0.001], and
language [F(2,96) = 12.09, p < 0.001]. As shown in Table 2, all the
above abilities increased with the school grade. Post hoc analyses
(Tukey’s) revealed that fourth graders performed worse than ﬁfth
graders in the tests Fluency and Concepts, and also in the forward
condition of the digit-span task (p < 0.05). We also found that
fourth graders performed worse than sixth graders in all tasks,
except for the backward condition of the digit-span task. Regard-
ing gender effects, we found that girls performed better than boys
in the backward condition of the digit-span task [F(1,96) = 5.07,
p = 0.03]. The effect of these gender differences was medium
(d = 0.48). There were also signiﬁcant interactions between grade
and gender for the test Series [F(2,96) = 3.78, p = 0.026], indicating
that boys outperformed girls just in grade 5 and for the backward
condition of the Corsi blocks task [F(2,96) = 9.85, p < 0.001],
indicating that boys performed worse than girls just in grade 4.
Accordingly, we included gender and grade as control variables in
the regression analyses (see Results).
Bivariate correlations between children’s scores in all measures
are provided in Table 3. The strength of the associations between
non-verbal intelligence, forward conditionof theCorsi blocks task,
backward condition of the Corsi blocks task, forward condition of
the digit-span test, backward condition of the digit-span test, and
language (in italic)was low tomedium,with signiﬁcant correlation
coefﬁcients ranging from r = 0.19 to r = 0.48, p < 0.05, with the
exceptions of the association between the forward condition of the
digit-span test and non-verbal intelligence (r = 0.14, ns); the for-
ward condition of the digit-span test and the backward condition
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Table 3 | Correlations among all measures.
1 2 3 4 5 6 7 8 9 10 11 12
1. Parental education 1
2. Non-verbal IQ 0.13 1
3. Corsi task forward 0.14 27** 1
4. Corsi task backward 0.28** 0.40** 0.41** 1
5. Digits span forward 0.03 0.14 0.19* 0.16 1
6. Digits span backward −0.01 27** 0.26** 0.15 0.35** 1
7. Language 0.31** 0.48** 39** 0.47** 0.22* 0.14 1
8. Fluency 0.02 0.23* 0.27** 0.20* 0.33** 0.26** 0.36** 1
9. Quantitative concepts 0.17 0.50** 0.27** 0.41** 0.32** 0.29** 0.51** 0.46** 1
10. Series 0.09 0.36** 0.21* 0.32** 0.21* 0.22* 0.36** 37** 0.81** 1
11. Concepts 0.19 0.47** 0.25* 0.37** 0.31** 0.28** 0.49** 0.41** 0.88** 44** 1
12. Arithmetic 0.01 0.47** 0.32** 0.32** 0.35** 0.40** 0.49** 0.62** 0.57** 0.45** 0.51** 1
*p < 0.05; **p < 0.01.
of the Corsi blocks task (r = 0.16, ns); the backward condition of
the digit-span test and the backward condition of the Corsi blocks
task (r = 0.15, ns); and ﬁnally, between language and the backward
condition of the digit-span test (r = 0.14, ns). For themathematics
measures, the signiﬁcant correlations ranged from r = 0.37 to
r = 0.88, p < 0.01. The strength of the associations between the
mathematics measures and non-verbal intelligence, the forward
condition of the Corsi blocks task, the backward condition of the
Corsi blocks task, the forward condition of the digit-span test,
the backward condition of the digit-span test, and language (in
bold) went also from low to medium, with signiﬁcant correlation
coefﬁcients ranging from r = 0.20 to r = 0.51, p < 0.05. Parental
education correlated signiﬁcantly with the backward condition of
theCorsi blocks task and language (r = 0.28 and r = 0.31, p< 0.01,
respectively).
MAIN ANALYSES
Table 4 depicts the results of the hierarchical regression analyses.
As seen in Table 4, the three predictors included in the ﬁrst step
accounted for 13% of the explained variance in the test Fluency,
but only grade made a signiﬁcant contribution. The second step
accounted for 9% of the explained variance. None of the variables
contributed with unique variance to performance in the ﬂuency
test.
School grade, gender, andparental educationmade a signiﬁcant
contribution to the explained variance of Quantitative Concepts.
However, when the two subtests that constitute Quantitative
Concepts were examined separately, school grade signiﬁcantly pre-
dicted performance in both subtests, whereas parental education
only predicted the subtest Concepts. The second step of the analysis
contributed to another 26% of the explained variance in the test
Quantitative Concepts. For the two subtests, Concepts and Series,
the second step contributed to 17% of explained variance, but
none of the variables signiﬁcantly predicted performance in these
tests.
In the case of Arithmetic ability, the ﬁrst step of the analysis
explained 10% of the variance, but only school grade made a
signiﬁcant contribution. The second step accounted for 36% of
the explained variance, with non-verbal intelligence, digit-span
forward, and backward condition and languagemaking signiﬁcant
unique contributions.
Because some authors have pointed out that intelligence can
contribute to the relation of some components of WM and math-
ematical abilities (e.g., Lee et al., 2004), we repeated the regression
analysis removing non-verbal intelligence from the model. The
results showed that both the backward condition of the Corsi
blocks task and the backward condition of the digit-span task
made unique and signiﬁcant contributions to Quantitative Con-
cepts (β = 0.23, and β = 0.20, respectively for the Corsi blocks
task and the digit-span task; p < 0.05). However, when the
two subtests were examined separately, only the backward con-
dition of the Corsi blocks task signiﬁcantly predicted the subtest
Series (β = 0.22, p < 0.05), and the backward condition of the
digit-span test predicted the subtest Concepts, although in lat-
ter case it was only marginally signiﬁcant (β = 0.18, p = 0.06).
The results also showed that language made a signiﬁcant con-
tribution not only to Quantitative Concepts as before (β = 0.32,
p < 0.01), but also to both Concepts and Series (both βs = 0.27,
p < 0.05).
DISCUSSION
In reviewing the role of WM in mathematics performance, it is
apparent that only few studies have looked at the relationships of
the different components ofWManddifferentmathematical abili-
ties in a single study. However, on the basis of neuropsychological,
neuroimaging and intervention studies, it is clear that different
components might be related with some but not all mathematical
areas. This componential approach that was taken in the present
study constitutes the most important contribution to the existing
literature.
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Table 4 | Results of hierarchical regression analyses.
Fluency Quantitative concepts Series Concepts Arithmetic
ΔR2 β ΔR2 β ΔR2 β ΔR2 β ΔR2 β
School grade 38** 0.35** 0.16 0.41** 0.33**
Gender −0.13 −0.07 −0.09 −0.04 −0.14
Parental education 0.08 0.22* 0.11 0.25** 0.06
Step 0.13** 0.13** 0.01 0.18** 0.10**
Non-verbal IQ 0.05 29** 0.21 0.28** 0.26**
Corsi task forward 0.08 −0.03 −0.01 −0.04 0.04
Corsi task backward 0.02 0.17 0.18 0.11 0.09
Digits span forward 0.18 0.16 0.13 0.14 0.19*
Digits span backward 0.16 0.15 0.13 0.13 27**
Language 0.17 0.21 0.19 0.16 0.28**
Step 0.09* 0.26** 0.17** 0.17** 0.36**
*p < 0.05; ** p < 0.01.
As measures of WM we clearly differentiated those that tap
the verbal component from those that tap the spatial compo-
nent. We also employed different WM tasks that have been
assumed to make differential recruitment of the central execu-
tive (Cornoldi and Vecchi, 2003; Passolunghi and Mammarella,
2012). The forward versions of the Corsi blocks task and the
digit-span test were assumed to tap passive coding of spatial and
verbal information, respectively, whereas the backward versions
would require both holding and manipulating such informa-
tion in WM, and therefore demand higher level of attentional
control. We hypothesized that different components of WM
would affect children’s performance on speciﬁc rather than gen-
eral mathematical abilities. Whereas mathematical operations
based on retrieval memory facts were expected to be inﬂuenced
by the verbal component of WM, performance in mathemati-
cal word problems was expected to be related with the verbal
component of WM that makes greater recruitments of the cen-
tral executive. The verbal component was also expected to
inﬂuence performance in mathematical problems that require
speciﬁc mathematical knowledge. In contrast, the spatial com-
ponents were expected to affect performance in mathematical
problems that require both using and maintaining spatial infor-
mation in WM, like in numerical sequence problems. Brieﬂy,
our results conﬁrmed dissociable effects of both components
of WM on mathematical performance. The verbal component
measured through the backward condition of the digit-span test
related to the mathematical abilities that more relay on verbal
competence (Arithmetic and Concepts). In contrast, the spatial
component of WM measured through the backward condition
of the Corsi blocks task related to the mathematical operations
that require both using and maintaining spatial information to
solve the problems (Series). We also looked at the contribu-
tion of other factors such as non-verbal intelligence, language,
and family SES (measured through parental educational level) to
mathematical performance, either as factors that explain unique
variance or as in the case of non-verbal intelligence as con-
tributing to the relationships between WM and mathematics. As
hypothesized, non-verbal intelligence related to the mathematical
tests that make greater demands on the central executive (Arith-
metic and Quantitative Concepts), language to the ones that make
greater demands on verbal information (Arithmetic andConcepts),
and parental education was related to Quantitative Concepts. A
more detailed discussion of aforementioned results is presented
below.
WM, INTELLIGENCE, AND MATHEMATICS
A main ﬁnding of the present study is that only verbal WM was
associated with verbal arithmetic problems (the Arithmetic test).
That relation was stronger with the digit-span backward condi-
tion than with the digit-span forward condition, as it has been
shown that more complex arithmetic problems require not only
the ability to hold information in memory but also the ability
to integrate new information with previously processed one (e.g.,
holding partial results to integrate them with new data; Swanson,
2011). Contrary to our predictions, digit-span forward condition
did not signiﬁcantly predict Fluency scores. Although the observed
correlation coefﬁcient between the two variables was larger than
the ones showed by the other WM tests (see Table 3), this relation
vanished in the regression analysis. This lack of relation suggests
that mathematical abilities required for successfully performing
the Fluency test require low language level and might depend more
on recovery of number facts from long-term memory (Andersson,
2008).
Regarding the spatial WM component, although the Corsi
blocks tasks correlated positively with all mathematical tests, those
correlations vanishedwhen these spatial tests entered in the regres-
sion analysis together with verbal WM, language, and non-verbal
intelligence. This result does not ﬁt with the bulk of evidence
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that points to a clear relation between spatial abilities and math-
ematics (Mix and Cheng, 2012), although there are studies that
have not found such a unique association (see Swanson, 2011
for a similar ﬁnding with word problem solving). There are sev-
eral possible explanations for a lack of unique contribution of
spatial WM to children’s mathematics performance. The spatial
component of WM might be involved to a greater extent in the
acquisition of basic processes in younger children, but as these
processes are acquired, it is the verbal component that takes a
more dominant role in the support of arithmetic performance
(Raghubar et al., 2010; see present results with the digit-span
tests). In line with this argument is the fact that in our applied
problems test (Arithmetic), the participants were asked to respond
to the items with a time limit. Newly acquired knowledge could
lead to incorrect responses, as the time needed to implement
it would be greater. Correct responses could then arise from
already acquired knowledge, thus showing no direct interven-
tion of spatial WM. An alternative account is that the unique
contribution of spatial WM to mathematics performance has
been captured by other variables such as the non-verbal intel-
ligence test. Note that we used only the “matrices” part of the
K-BIT to measure ﬂuid intelligence in our sample, a test that taps
spatial reasoning abilities. It should then be expected that the
non-verbal intelligence test will affect the relationship between
mathematical performance and the backward condition of the
Corsi blocks task, as this task is assumed to tap the central executive
and requires both holding and integration of spatial informa-
tion. Accordingly, we observed a stronger correlation between
the backward condition of the Corsi blocks task and non-verbal
intelligence than between the non-verbal intelligence test and the
other WM tasks (see Table 3). This account is further supported
by the unique contribution of the backward condition of the Corsi
blocks task to Quantitative Concepts when non-verbal intelligence
is removed from the regression analysis (see below for a more
detailed explanation).
As hypothesized, non-verbal intelligence showed a prominent
role in those mathematical tests that make greater demands on
the central executive. The link between non-verbal intelligence
and mathematics is more evident as the complexity of the test
grows. We found that mathematical areas in continuous learn-
ing such as Quantitative Concepts and Arithmetic are related to
non-verbal intelligence. As stated previously, this relationship
has not always been supported (e.g., Alloway, 2009). Our ﬁnd-
ings agree with those reported by Alloway and Alloway (2010),
which suggest that, even though there is an association between
WM and mathematical achievement, intelligence has a unique
contribution to mathematical performance. In addition, our ﬁnd-
ings support the notion that the relationship between non-verbal
intelligence and mathematical performance is determined by the
complexity of the task, as simpler tasks such as Fluency, which
is a result of practice, do not show direct evidence of such a
relationship.
The important role of non-verbal intelligence in the present
study is further supported by its inﬂuence in the relationships
between the two components of WM and a particular test of
mathematical ability, Quantitative Concepts. As mentioned pre-
viously, this test is composed of two different subtests, Concepts
and Series. These two subtests share important operational pro-
cesses that appear to be inﬂuenced by the children’s level of ﬂuid
intelligence. But they might also require singular processing that
is differentially associated with the different components of WM.
Thus,Concepts requires transcoding froma symbolic and/or visual
form to a verbal form, and therefore performance in this testmight
depend on children’s verbal WM capacity. This is supported by
the relation between the backward condition of the digit-span
test and the subtest Concepts. On the other hand, Series requires
holding and manipulating a spatial representation of the pre-
vious operations, needed to solve the numerical sequence, and
therefore performance in this test might depend on children’s
spatial WM abilities. This is supported by the relation between
the backward condition of the Corsi blocks task and the subtest
Series.
Brieﬂy, non-verbal intelligence and WM seem to be excel-
lent predictors of performance in those mathematics abilities
that require knowledge of mathematical concepts (Quantitative
Concepts) and solving of word arithmetic problems (Arithmetic).
However, they do not affect performance of simple calculations
that might depend more on recovery of number facts from
long-term memory (e.g., Andersson and Lyxell, 2007; Anders-
son, 2008). This is supported by the lack of relation with the test
Fluency.
LANGUAGE AND MATHEMATICS
The results of this study support the conclusion that vocabulary is
related to mathematical performance (Alloway and Passolunghi,
2011). Our ﬁndings indicate that vocabulary makes a unique
contribution to both Arithmetic and Quantitative Concepts, as
these subtests have a high language load although these relations
are strengthened when non-verbal intelligence is excluded from
the regression analysis. As expected, language was not predic-
tive of performance in the Fluency test given the low language
level required by these operations. Therefore, our results sug-
gest that vocabulary appears to be related to performance on
those mathematical tests with high language requirements. The
fact that language is related to mathematical performance must
be taken into account for future research, challenging the tradi-
tional separation of these two key subjects in the schooling process.
Most children who experience difﬁculties with mathematics also
show language difﬁculties (e.g., Geary, 2011). This evident con-
nection raises the question of whether a training program on
language could improve concepts and word problem solving accu-
racy in typically developing children, an issue open to further
research.
SOCIOECONOMIC FACTORS AND MATHEMATICS
The current study contributes also to the existing literature on
the relationship between parental educational levels and children’s
performance in speciﬁc mathematical areas. The relationship of
parental education and mathematical performance was observed
only with the Quantitative Concepts test, and more speciﬁcally
with the subtest Concepts. There are not enough studies currently
to help us understand this apparently relevant relationship. Jordan
and Levine (2009) have pointed out the importance of the socioe-
conomic and educational levels of parents on the mathematic
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achievement of their children, although that relationship was not
studied in depth to determine whether it affects every aspect of
mathematic performance. Aunio and Niemivirta (2010) related
the educational level of parents to arithmetic abilities, suggesting
that higher educational levels are predictors of better perfor-
mance in children. Higher educational levels create an enriched
environment in terms of language and literacy that supports the
engagement of children in learning activities (e.g., Hart and Risley,
1995; Hoff-Ginsberg and Tardif, 1995; Kohl et al., 2000; Davis-
Kean, 2005), which would account for the relationship between
parental educational levels and Quantitative Concepts but not sim-
ple mathematical operations. This relationship is important, as
studies such as that by Ohlsson and Rees (1991) state that poor
understanding of the concepts underlying a procedure could be
an obstacle to the development and acquisition of more complex
procedures.
LIMITATIONS AND FUTURE DIRECTIONS
The present ﬁndings suggest that different components of WM
relate to different mathematical areas and that non-verbal intel-
ligence and language may have different relationships depending
on the mathematical area assessed. One limitation of the present
study is that children who completed assessments in Times 1 and
2 had a lower IQ and their parents had a lower educational level
than those who completed the assessment in Time 1 only. How-
ever, these missing data from children not tested in Time 2 were
expected to increase the size of the observed associations between
non-verbal intelligence and the rest of variables on one hand,
and parental education and Quantitative Concepts on another
hand, but not the observed pattern among them. Further research
could help to determine whether the relationship among different
WM components and speciﬁc mathematical areas is modulated
by the kinds of tasks used in the present study and whether
those relationships extend to a wider range of ages. Our results
show that both language, and above all non-verbal intelligence,
must also be taken into account in future studies exploring the
relationship between WM and mathematics, given the associa-
tion between language, non-verbal intelligence and mathematical
performance.
EDUCATIONAL IMPLICATIONS
The present ﬁndings have important implications regarding inter-
ventions for children with math learning difﬁculties, as they point
out speciﬁc cognitive skills that could be trained in order to
improve different aspects of mathematical ability. To the best
of our knowledge, most training interventions such as Catch
Up Numeracy or Numeracy Recovery (Dowker and Sigley, 2010;
Holmes and Dowker, 2013) use similar mathematical exercises
to those that serve to measure the different mathematical com-
ponents children show some difﬁculties with, and therefore are
mainly based on repetition and practice. This strategy may not
be as useful for those children that their basic deﬁcit is not on
mathematics abilities per se, but on the lack of enough WM
capacity to deal with and hold the necessary amount of partial
information required for subsequent operations. We guess these
children might beneﬁt from training in speciﬁc WM components
depending on what aspects of mathematics are to be improved,
although one of the main problems with cognitive training is
whether improvement leads to gains beyond the trained tasks (Mix
and Cheng, 2012). Whether training in WM components would
improve mathematical abilities in a direct way or through the
improvement of ﬂuid intelligence is a matter of further research.
This latter pathway might be supported by the Jaeggi et al. (2008)
study. The authors trained adults participants in a double (spa-
tial and verbal) n-back task, a highly demanding task that taps
the central executive of WM. Training not only improved perfor-
mance in the n-back task but also generalized to ﬂuid intelligence.
Given the contribution that intelligence seems to have respect to
the relationship between some WM components and mathemat-
ical performance, such training might have beneﬁcial effects on
mathematical abilities, but that is a question for further research.
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